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Introduction 
 The Arctic grayling (Thymallus arcticus) is a freshwater salmonid that is found in clear, 
cold waters throughout the northern regions of North America. Arctic grayling are still 
widespread in Alaska and Canada but have declined substantially in their two historic, disjunct 
southern populations in the contiguous United States. One of these populations was found in the 
AuSable River in Michigan and went extinct in the mid-1900s (Vincent 1962) while the other, 
found in the Upper Missouri River drainage in Montana, now inhabits a small portion of its 
historical range (Nelson 1954). Currently, only two native populations of Arctic grayling remain 
in Montana: a fluvial (stream-dwelling) population in the Big Hole River and an adfluvial (reside 
at least partly in lakes) population in the Red Rock Lakes drainage (Nelson 1954; Vincent 1962). 
These two populations are the last remaining native fluvial and adfluvial grayling populations in 
the contiguous United States, and are of great conservation concern (Mogen 1996; Levine 2007)   
 The Red Rock Lakes population of Arctic grayling is found in the Centennial Valley of 
southwestern Montana and is located almost entirely within Red Rock Lakes National Wildlife 
Refuge ("Refuge"; Warren and Jaeger, in press). Arctic grayling were historically abundant in 
the Centennial Valley but have declined since the late 1930s (Vincent 1962) and reached their 
lowest abundances sometime during the latter half of the 1900s (USFWS 2014; MAGWG, in 
press, as cited by Warren and Jaeger, in press). The decline of Arctic grayling in the Centennial 
Valley has been mainly attributed to intensive land-use practices including irrigation and cattle 
grazing which began in the late 1800s (Nelson 1954; Vincent 1962; Unthank 1989). These 
practices have since decreased (Levine 2007), but grayling abundances remain low and the 
limiting factor(s) of the population remain unclear. Warren and Jaeger (in press) proposed four 
potential drivers of the population, including water diversions, limited winter habitat, 
competition with and predation by introduced fishes, and the reduction and alteration of 
spawning habitat, which is the focus of this study. 
 In the Centennial Valley, Arctic grayling spawning habitat has declined both in amount 
and suitability (Warren and Jaeger, in press). This decline likely resulted from intensive cattle 
grazing which is known to increase fine sediment transport in streams (see review in Clary and 
Webster 1989), as well as from impoundments of important historic spawning tributaries (review 
in Warren and Jaeger, in press). Fine sediment is defined in this case as small substrate particles 
which are less than 2.8 mm in diameter (Warren and Jaeger, in press). Because grayling have 
been observed spawning in riffles with low fine sediment levels (Nelson 1954), biologists and 
managers have hypothesized that increased sedimentation in spawning habitats could be limiting 
egg survival and, in turn, the population (Warren and Jaeger, in press). The only hypothesized 
relationship between fine sediment and "suitability" of grayling spawning habitat can be found in 
Hubert et al.'s (1985) Suitability Index Graph (see Figure 1 below) which is an expert opinion on 
the subject and has not been examined in the field. Therefore, I aimed to: 
 1) Experimentally examine how varying levels of fine sediment influence Arctic 
 grayling egg survival, using egg survival as a proxy for spawning habitat suitability. 
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 2) Identify the distribution of spawning habitat quality (suitability) by conducting 
 stream substrate surveys. 
 3) Use riffle suitability scores and stream / riffle measurements to quantify the total 
 area of suitable spawning habitat and the potential productivity of habitat with 
 weighted suitability scores. 
  
Study Area and Methods 
 
 This study was conducted in the high-elevation Centennial Valley of southwestern 
Montana. The valley is bound by the Gravelly, Snowcrest, and Centennial Mountains, and 
features an intricate network of shallow lakes, ponds, and river-marsh. Centennial Valley 
contains the entirety of the Red Rock Lakes National Wildlife Refuge, which houses the valley's 
largest natural lakes, Upper Red Rock, Lower Red Rock, and Swan Lakes. Red Rock Creek, the 
largest tributary in the valley, empties into Upper Red Rock Lake and supports the majority of 
spawning grayling (Warren and Jaeger, in press). Elk Springs Creek is formed by a series of 
springs in the northeast corner of the Refuge and drains into Upper Red Rock Lake via Swan 
Lake. Elk Springs Creek was once used heavily by spawning grayling, but very few have been 
observed in recent years and were likely not from natural stock (Vincent 1962; Kaeding and 
Boltz 2004). Elk Springs Creek provides a relatively constant rate of flow throughout the year 
while Red Rock Creek, a spring-snowmelt driven creek, varies considerably throughout the year 
(Warren and Jaeger, in press).  
 The hypothesized relationship between fine sediment and grayling egg survival in 
spawning riffles is based upon expert opinion (Hubert et al. 1985). Thus, this relationship first 
needed to be validated to ultimately determine whether spawning habitat may be limiting the Red 
Rock Lakes drainage Arctic grayling population. In general, grayling spawning habitat is 
described as riffle habitat (flowing water) with low fine sediment levels (Nelson 1954). The 
current hypothesized relationship between suitability of spawning riffles and fine sediment can  
be found in Hubert et al.'s (1985) Suitability Index, where ≤10% fines is considered suitable, 11- 
50% fines represent linearly declining suitability, and >50% is unsuitable (Figure 1). 
Additionally, Hubert et al. (1985) hypothesized the relationship between suitability of spawning  
riffles and gravel/rubble where suitability increases linearly from 0-20% gravel/rubble and >20% 
is considered suitable. 
 To validate this relationship, I simulated grayling redds in buckets to control fine 
sediment and gravel/rubble composition. These buckets were similar to those used by Haugen 
(2000), except built larger to house more grayling eggs and withstand high spring runoff in Red 
Rock Creek (Figure 2). I drilled 0.64 cm (1/4") diameter holes in each 2-gallon plastic bucket 
and then lined the inside with plastic mesh (window screen, 1 mm hole size). Large holes in the 
buckets allowed adequate water flow, while smaller holes in the mesh reduced sediment loading 
and loss. In order to check grayling emergence on a daily basis, I attached a PVC swim-up trap 
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which could be easily removed from the bucket lid. Two to three weeks before peak grayling 
spawning activity, I carried constructed buckets to designated sites and filled each with a pre-
determined treatment of mixed gravel/rubble (8-180 mm) and fine sediment (<2 mm) from each 
site. These treatments included the intended proportions 0.05, 0.10, 0.20, 0.35, 0.50, and 0.65 of 
fine sediment, with the remaining proportion consisting of gravel/rubble. I used sieves and a 2-
gallon bucket to volumetrically estimate the intended proportions of fines and gravel/rubble for 
each treatment, and then buried each bucket to such a depth that the substrate inside was level 
with the stream substrate outside. This experiment was conducted in 2015 at two current or 
Figure 1. Predicted relationship between suitability of riverine Arctic grayling spawning habitat and 
percent fines in spawning areas (from Hubert et al. 1985). Colors are not part of original graph by Hubert 
et al. (1985) and are based on Suitability Score categories which correspond to those in Figures 11-13 . 
Figure 2. Left: One of 24 buckets used in simulated redd experiment. Right: Model 
bucket from Haugen (2000). 
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historical grayling spawning sites in the Red Rock Lakes drainage, one on Red Rock Creek and 
one on Elk Springs Creek, respectively. I buried twelve buckets at each site, including six 
treatments each with a replicate. At each site I selected two nearly-adjacent riffles and, in each 
riffle, buried six buckets in two rows of three running perpendicular to the direction of flow 
(Figure 3). In each riffle, the order of the treatment buckets was randomized. In total, 24 buckets 
were constructed and buried. To detect potential differences in developmental environments (i.e. 
temperature) between the streambed and experimental buckets, I placed temperature loggers 
(HOBO ®) inside one bucket as well as in the stream at each of the four riffles. 
 On May 15, 2015, during the peak of spawning activity, Montana Fish, Wildlife & Parks 
("MTFWP") and U.S. Fish and Wildlife Service ("FWS") personnel captured grayling in Red 
Rock Creek via boat electrofishing. Immediately after, MTFWP personnel artificially spawned 
grayling using state hatchery protocol. To ensure successful fertilization, MTFWP personnel 
used eggs from 2 ripe females and sperm from 2 males in the first family cross, and 1 female and 
2 males in the second family cross (Figure 4). Each fish was used in only one family cross, and it 
was assumed that these crosses were representative of the overall spawning population in Red 
Rock Creek. These same methods were used to fertilize eggs for Remote Site Incubators 
("RSIs") on the Refuge (see Kaeding and Boltz 2004). Eggs from the two family crosses were 
allowed to water-harden before being combined, mixed, and moved to study sites. At each site I 
placed an open-ended 5-gallon bucket over each redd bucket to divert and calm water, removed 
the lid, and added 200 fertilized eggs to each. I then gently placed 0.64-1.91 cm (1/4-1/2"; Jay 
Pravecek, MTFWP, personal communication) of sediment on top of the eggs; this sediment was 
saved from the initial, intended treatment set-up, was unique to each bucket, and mirrored the 
experimental design used by Haugen (2000). This sediment addition simulated the settling of 
eggs into interstices (discussed in Vincent 1962). Extra eggs from the family crosses which were 
not added to buckets were placed in a single RSI located on Elk Springs Creek. Eggs  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Study design of redd bucket experiment. Numbers indicate placement of the buckets in 
each stream. Inset (Source: Warren and Jaeger, in press) shows general location of study streams in 
eastern Centennial Valley, Montana. 
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in the RSI were placed on a clear tray (no sediment present), had constant flow, and FWS 
personnel removed dead or fungus-infected eggs each day during the period of development and 
emergence. Egg survival calculated from the RSI represented egg survival under suitable 
conditions and, thus, served as a control (highest possible egg survival for family crosses). 
 Following egg additions, I cleaned bucket exteriors every 1-2 days to prevent holes from 
becoming clogged with algae, woody debris, and transported sediment. One and two weeks after 
egg additions I began monitoring Elk Springs and Red Rock Creek sites, respectively, for fry 
emergence. I diverted stream water before checking swim-up traps for emerged grayling fry; 
when each trap was checked, extra care was taken to immediately plug the hole on each bucket 
lid to prevent fry escapement. I checked fry traps every 1-2 days for approximately three weeks 
on Elk Springs Creek and four weeks on Red Rock Creek, where lower average water 
temperatures prolong fry development and emergence (Kaeding and Boltz 2004). 
 Following the emergence period, I removed each of the 24 buckets from the stream, 
examined the surface (top ~5 to 7.5 cm) substrate for dead or alive eggs and fry, and then 
separated this portion from the bottom (remaining) substrate for laboratory analysis. I dried each 
separated substrate treatment in an industrial drying oven for approximately 24 hours at 105°C 
(Adams and Beschta 1980). Similar to the treatment set-up, I separated fines (< 2 mm) from 
gravel/rubble (> 8 mm) using two sieves, determined the volume of treatment components, and 
divided fine sediment values by total sediment volume (mL). Using this procedure, I determined 
the final proportion of fines in the surface and bottom portions of each of the 24 buckets.  
 Stream substrate surveys, known as pebble counts, were performed on Red Rock, Elk 
Springs, and Picnic Creeks in 2014 and 2015 during the period of base stream flows (July-
August). These surveys were performed by Bureau of Land Management, MTFWP, and FWS 
personnel, as well as numerous volunteers. In accordance with Warren and Jaeger (in press), 
Figure 4. Process of artificial propagation used in simulated redd experiment. The first 
cross involved 2 females and 2 males, while the second cross involved 1 female and 2 
males. Only 1 female was used in second family cross due to lack of ripe females.  
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each stream was first divided into relatively homogenous reaches based on general 
geomorphological characteristics. In each reach, 1-4 sites were selected and then 4 separate, 
consecutive riffles were sampled at each site. When stream habitat throughout a site was 
uniform, the entire site was considered 1 riffle. Riffles were defined as "relatively swift water 
habitats located between two pools...where the thalweg transitions from one side of the stream to 
the other..." (Warren and Jaeger, in press). In slow, backwater areas behind beaver dams or other 
obstructions, riffles were characterized as best as possible based on the alternating pool-riffle 
sequence characteristic of the area. At each riffle, 25 measurements of individual substrate 
particles were taken at regular intervals in each of 4 transects, totaling 100 measurements per 
riffle. Transects represented 20%, 40%, 60%, and 80% of the riffle length and extended to the 
bankfull (not just wetted) width of the stream. Following substrate surveys, I calculated the 
percent fine sediment in each riffle and its corresponding Suitability Score using the equation: 
Suitability of Spawning Riffle = -0.025 (Percent fine sediment) + 1.25. For reasons discussed 
below (see Results and Discussion), this equation was derived from Hubert et al.'s (1985) 
original Suitability Index Graph (Figure 1). A byproduct of the equation, Suitability Scores >1.0 
were rounded down to 1.0 and those <0.0 were rounded up to 0.0, as a riffle cannot be more than 
suitable or less than unsuitable. It was unnecessary to derive an equation relating suitability to 
percent gravel/rubble in a riffle due to the fact that all riffles with <20% gravel/rubble also had 
>50% fines, resulting in a Suitability Score of 0. 
 I used riffle suitability scores along with length and width measurements of streams and 
riffles to quantify the total amount (meters2) of suitable (1.0) spawning habitat available to Arctic 
grayling in Red Rock Creek, the primary spawning stream. I calculated total suitable spawning 
habitat by considering only habitat with a suitability score of 1.0 (Warren and Jaeger, in press). 
To calculate total habitat with 1.0 suitability in each reach, I used the equation 
   
 ∑  
𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑖𝑡𝑎𝑏𝑙𝑒 𝑟𝑖𝑓𝑓𝑙𝑒 𝑎𝑟𝑒𝑎 (𝑚²)𝑖𝑛 𝑟𝑒𝑎𝑐ℎ
𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚) 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 𝑖𝑛 𝑟𝑒𝑎𝑐ℎ
  ×   𝑟𝑒𝑎𝑐ℎ 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚)𝑛𝑖=1  
 
from Warren and Jaeger (in press), and then summed the amount of suitable habitat across 
reaches to calculate the total amount of suitable (1.0) habitat in Red Rock Creek. I also 
calculated a Potential Production Index which consisted of both habitat with a suitability score of 
1.0 (calculation described above) and habitat with a weighted suitability between 0.0 - 1.0. To 
calculate Potential Production of habitat with weighted suitability, riffle suitability scores were 
multiplied by the area (m2) of the riffle. These values were included in the numerator in the 
equation above and contributed to the Potential Production Index. Because the Potential 
Production Index is calculated by multiplying meters2 by unit-less suitability scores, the Index is 
also unit-less. For example, a 10 m × 10 m riffle with suitability score of 1.0 would contribute 
100 to potential production, while a 10 m × 10 m riffle with a weighted suitability score of 0.5 
would contribute 50 to the Potential Production Index. 
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Results 
 
Temperature 
 In Elk Springs Creek, temperatures inside buckets mirrored stream temperatures well 
(Figure 5). During the experiment, water temperatures inside the buckets (averaging 11.1°C) 
were very similar to the ambient stream temperature (averaging 10.8°C). Water temperatures 
inside the buckets had a slightly smaller range (range: 9.6 to 14.3°C) than ambient stream 
temperatures (range: 9.1 to 14.9°C). Average daily temperature variation in buckets was less than 
the surrounding stream, fluctuating 3.3°C (range: 2.0 to 4.2°C) and 3.7°C (range: 2.2 to 4.9°C), 
respectively. 
 In Red Rock Creek, bucket temperatures also closely tracked those of the surrounding 
stream environment (Figure 6). Water temperatures inside the buckets averaged 11.5°C during 
the experimental period (5/18-6/23/2015), very close to the average ambient stream temperature 
of 11.6°C. Similar to Elk Springs Creek, water temperatures inside buckets were slightly less 
extreme and had a smaller range (range: 5.6 to 17.1°C) than ambient stream temperatures (range: 
5.3 to 18.0°C). Additionally, redd buckets had smaller diel temperature fluctuations than the 
surrounding stream. Temperatures in buckets fluctuated 4.3°C on average (range: 2.3 to 6.6°C) 
while ambient stream temperatures fluctuated 4.9°C on average (range: 2.5 to 7.1°C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Ambient stream water temperature compared to water temperature inside one redd bucket in 
Elk Springs Creek in a 3 day period during the experiment. 
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Substrate Treatments 
 The final proportion of fine sediment in each bucket varied greatly among treatments, 
replicates, and the two study streams. In each of the 12 buckets on Elk Springs Creek, the surface 
substrate contained a lower proportion of fine sediment than both the bottom substrate and the 
intended treatment (Figure 7). This is likely the result of fine sediment settling to the bottom 
substrate or loss to the stream environment. All four buckets with intended proportions of < 0.10 
fines resulted in surface fine sediment proportions of < 0.01. Fine sediment proportions in the 
bottom substrate were much closer to the intended treatment proportions. In fact, these 
proportions were within 0.05 of intended proportions in 11 of the 12 buckets on Elk Springs 
Creek. This provides evidence that the field method used to volumetrically estimate proportions 
of fines and gravel/rubble in intended treatments (prior to burial) was effective.  
 In buckets on Red Rock Creek, intended substrate treatments did not persist well. Except 
for two high values, the relationship between intended and final fine sediment proportions 
(Figure 8) appears roughly similar to that on Elk Springs Creek (see Figure 7). These results, 
however, are not representative of the substrate present during the experiment. In fact, a layer of 
fine sediment ranging from 0.64 to 2.5 cm (1/4 to 1") thick was found on the surface of the 
substrate treatment in each of the 12 buckets (Figure 9), probably resulting from the collapse of 
the inside mesh screen. This effect was most dramatic in 2 buckets but occurred in all 12 on Red 
Rock Creek. Some of this "new" sediment was lost when the surface substrate was examined for 
eggs and fry following removal from the stream. In addition, the surface portion included "new" 
sediment as well as some from the initial intended treatment, which confounded the resulting 
final fine sediment proportions in the surface substrate.  
 
Figure 6. Ambient stream water temperature compared to water temperature inside one redd bucket in 
Red Rock Creek in a 3 day period during the experiment. 
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Figure 7. Intended and final fine sediment proportions in the surface and bottom substrate in 12 
redd buckets on Elk Springs Creek, Centennial Valley, Montana. Trend line represents desired 
1:1 relationship between intended and final fine sediment proportions. 
Figure 8. Intended and final fine sediment proportions in the surface and bottom substrate in 12 
redd buckets on Red Rock Creek, Centennial Valley, Montana. Trend line represents desired 1:1 
relationship between intended and final fine sediment proportions. † indicates buckets which 
experienced sediment loss during search for eggs and fry following removal from stream. 
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Egg Survival / Fry Emergence 
 In all 24 buckets, observed egg survival was dramatically less than the 39% survival of 
control treatment eggs located in the RSI (see Methods). During checks of swim-up traps on Elk 
Springs Creek, Arctic grayling fry emerged from 6 buckets resulting in only 11 total fry; no dead 
or alive fry were recovered after bucket removal. Dead eggs were found in 10 of the 12 buckets, 
resulting in a total of 89 "whole" dead eggs. Seven of the 12 buckets also contained partial or 
fungus-infected eggs which were very difficult to enumerate. Additionally, exploded egg shells 
(evidence of fry emergence) were found in 3 buckets, one of which had no recorded fry 
emergence during daily checks, indicating that my emergence values are not accurate. A number 
of factors may help explain this discrepancy, including collapse of the inside mesh screen, 
decomposition, and predation (see Discussion).  
 No fry were observed in swim-up traps during daily checks on Red Rock Creek. Further, 
no dead or alive fry or eggs were found after buckets were removed from the stream. Unlike Elk 
Springs Creek, the lack of observed eggs and fry is likely representative of true values and may 
be the result of fine sediment loading (Figure 9) which can cause suffocation and decomposition 
(see Discussion).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Substrate Surveys / Distribution of Spawning Habitat Suitability 
 In total, workers surveyed 27 sites during the summers of 2014 and 2015: 18 sites on Red 
Rock Creek, 5 on Elk Springs Creek, and 4 on Picnic Creek (Figures 11-13). Between the 3 
streams, 99 riffles were sampled. Of these, 24 riffles were found to be suitable (Suitability Score: 
1.0), 44 were found to be somewhat suitable (Suitability Score: 0.99-0.01), and 31 were found to 
be unsuitable (Suitability Score: 0.0; see Appendix I). Riffle Suitability Scores across the 3 
streams were relatively evenly distributed, with about half of the riffles having scores of < 0.5 
Figure 9. Redd bucket R-D 35 (Red Rock Creek, Montana; Downstream Riffle; Intended 
Fine Sediment Proportion= 0.35). Note the additional fine sediment layer found on the 
surface substrate and the collapse of mesh screen along inside of bucket. 
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and half having scores > 0.5 (Figure 10). In general, the proportion of each reach sampled was 
negatively correlated with the length of the reach (Appendix II).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 11. Map showing the distribution of riffles sampled during substrate surveys on Red Rock, Elk Springs,  
         and Picnic Creeks. Each star represents one riffle. All streams generally flow from east to west. 
 Stars: Suitability Scores calculated using Hubert et al.'s Suitability Index (1985). 
 : Suitability 1.0  : Suitability 0.99 – 0.66  
: Suitability 0.66 – 0.33  : Suitability 0.33 – 0.01  : Suitability 0.0  
 
Figure 10. Histogram showing the distribution of riffles with given Suitability Scores. These data were 
collected during substrate surveys on Red Rock, Elk Springs, and Picnic Creeks, MT, in 2014-15. 
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Figure 12. View of selected riffles sampled during substrate surveys on Red Rock 
Creek, MT. The series of red stars (Suitability Score: 0.0) is located in beaver dam 
backwater.  
Figure 13. Selected riffles sampled during substrate surveys on Elk Springs and 
Picnic Creeks, MT. Spawning habitat generally increases in suitability when moving 
toward the springheads. 
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Quantification of Suitable Spawning Habitat on Red Rock Creek  / Potential Production Index 
 When considering only habitat with 1.0 suitability, I calculated a total of ~ 14,780 m2 
between the 8 reaches on Red Rock Creek (Appendix II). Three reaches contained no sampled 
habitat of 1.0 suitability and were located in the upper, most eastern section toward the 
headwaters; the lower, most western section directly upstream of Upper Red Rock Lake; and 
directly upstream of a beaver dam complex.  
 When considering both habitat with 1.0 suitability and that with weighted suitability 
between 0.0 and 1.0 for the Potential Production Index (Appendix III), there is ~ 43,507 of 
potentially productive spawning habitat on Red Rock Creek. Two reaches contained no sampled 
habitat with weighted suitability between 0.0 and 1.0 and were located in the lower, most 
western section directly upstream of Upper Red Rock Lake and directly upstream of a beaver 
dam complex.  The sampled sites in these reaches only contained habitat of 0.0 suitability. 
 
Discussion 
 
Simulated Redd Experiment 
 Temperature data, final sediment evaluations, and observed fry emergence provided 
evidence that most redd buckets were initiated as intended and that some treatments persisted 
well enough to allow for egg survival and fry emergence. Among both study sites, ambient 
stream temperatures and those inside buckets were remarkably similar, demonstrating that 
temperatures inside buckets simulated natural conditions and should not have adversely impacted 
egg or fry survival. Further, in 20 of the 24 buckets fine sediment proportions in the bottom 
substrate were within 0.05 of the initial, intended treatment. It is presumed that this bottom 
substrate does not interact greatly with the stream environment, indicating that the initial 
treatment set-up was effective and generally achieved the intended fine sediment proportions of 
0.05, 0.10, 0.20, 0.35, 0.50, and 0.65. Unfortunately, the composition of the surface substrate 
(top 5-7.5 cm) did change substantially. 
 The lack of recovered eggs and emerged fry proved to be quite detrimental to this study 
and prevented the construction of a graph similar to Hubert et al.'s (1985) Suitability Index 
Graph (see Figure 1). I believe that the death and loss of grayling eggs and fry can be primarily 
explained by the collapse of the mesh screen lining the inside of each bucket (see Figure 9), a 
phenomenon observed in almost every bucket. The mesh screens, which were flush with the 
inside of each bucket prior to burial, likely collapsed because of high water velocities, in-stream 
transport of sediment and debris (especially on Red Rock Creek), or penetration by sculpins 
(Family Cottidae). No matter the cause, the eventual collapse resulted in 3 factors which likely 
account for the lack of eggs and fry observed during the experiment: fry escapement, predation, 
and fine sediment deposition. 
 On Elk Springs Creek, fry escapement was evidenced by the presence of exploded egg 
shells in redd buckets from which no fry were captured. In one noteworthy bucket, four exploded 
shells were found and only 1 emerged fry was observed. Given that recently-hatched fry are 
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weak swimmers and "relatively helpless in water currents" (Nelson 1954), it is likely that 
emerged fry were swept out through exposed holes in the bucket exteriors and into the 
surrounding stream. More-developed fry probably exited through holes voluntarily, having no 
incentive to swim up into the traps and, therefore, were not detected. Predation by sculpins may 
have also resulted in grayling egg and fry loss. On Elk Springs Creek, five buckets contained a 
total of 13 sculpins. In a study conducted in southwestern Montana, Bailey (1952) concluded that 
Rocky mountain sculpin (Cottus bondi) do prey on fish fry and eggs. This trend has been 
reported in numerous studies and sculpin species, especially where eggs and fry are easily 
accessible (Phillips and Claire 1966; Biga et al. 1998; Foote and Brown 1998; and reviews 
within), and may account for some egg and fry loss. 
 Although 4 sculpin were found in buckets on Red Rock Creek, a substantial contribution 
to egg mortality was almost certainly the result of fine sediment-loading made possible by mesh 
screen collapse (see Figure 9). Fine sediment deposition is detrimental to the survival and 
development of salmonid eggs and fry because it prevents the flow of oxygenated water into the 
substrate, inducing suffocation (see Chapman 1988; O'Connor and Andrew 1998; Armstrong et 
al. 2003; Jensen et al. 2009; and reviews within). This problem has also been documented in in-
stream incubation devices (Donaghy and Verspoor 2000) similar to the redd buckets used here. 
Sediment transport increases with discharge (King et al. 2004) which helps explain why this 
problem did not occur to such a degree on Elk Springs Creek, where discharge is relatively low 
and stable (Warren and Jaeger, in press). While suffocation may explain the death of eggs, the 
complete lack of recovered eggs may be the result of egg decomposition under the deposited 
sediment. In a study of the common dace, Leuciscus leuciscus, Mills (1981) found that 95% of 
dead eggs were unidentifiable after 3 weeks. Because grayling eggs were in Red Rock Creek 
buckets for 4 weeks, decomposition likely occurred. Finally and less likely, fertilized eggs may 
have been lost (swept away) during egg additions to buckets, resulting in initial egg counts of 
less than the intended 200. 
 
Substrate Surveys / Distribution of Spawning Habitat Suitability  
 Due to the difficulties described above, I used the original Suitability Index Graph 
relationship from Hubert et al. (1985) to calculate Suitability Scores. These data suggest that 
there is an abundance of suitable and relatively suitable spawning habitat in Red Rock Creek, 
although some stream reaches are more suitable than others (Figures 11 and 12). In the upper, 
most eastern portion of Red Rock Creek, riffles seem to be less suitable. This finding is 
consistent with Mogen (1996) who noted that eastern portions of the stream seemed to be the 
most heavily impacted by grazing, had "degraded streambeds," and lacked riparian vegetation. 
The lower, most western portion also lacks suitable spawning habitat. Mogen (1996) noted that 
this lower portion was "dominated by deeper, slow-moving water and substrates of fine 
sediment." Nonetheless, there appears to be an abundance of suitable spawning habitat 
throughout much of Red Rock Creek. Of particular importance is the historical spawning reach 
(Mogen 1996) between the confluences of Corral and Antelope Creeks, which contains a number 
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of suitable spawning riffles (Figure 12). In fact, the only unsuitable habitat in this reach is 
located in slow backwaters formed by beaver dams, which entrap sediment (review in Butler and 
Malanson 2005) and seem to increase suitability immediately downstream. 
 On Elk Springs Creek, spawning habitat seems to increase in suitability toward the 
springheads (Figure 13). Unsuitable habitat is found in areas directly upstream of former man-
made impoundments like McDonald Pond, the construction of which (in 1953) resulted in 
sedimentation (Warren and Jaeger, in press). Although Elk Springs Creek now flows freely, the 
impact of years of impoundment is, and will remain, evident. If grayling utilize Elk Springs 
Creek in the coming years, the area toward the springheads may be the only suitable or relatively 
suitable spawning habitat in the stream unless habitat restoration efforts are undertaken. On 
Picnic Creek, spawning habitat appears to be mostly unsuitable, with one suitable riffle being 
located directly below the outlet of Widgeon Pond (Figure 13).  
 The distribution of suitability of spawning riffles sampled in Red Rock, Elk Springs, and 
Picnic Creeks shows that about half of the riffles were less than 0.5 suitability, with 31 of those 
being completely unsuitable (0.0). The majority of these riffles were located either directly 
upstream of former impoundments or current beaver dam complexes and would likely be very 
difficult to restore. However, 52 of the 99 riffles sampled were greater than 0.5 suitability and 
would likely see a very positive impact from habitat restoration projects. If managers aim to 
restore habitat in the future, riffles which are already near 1.0 suitability should be selected. 
 
Quantification of Suitable Spawning Habitat on Red Rock Creek  / Potential Production Index 
 Quantifications of suitable (1.0) spawning habitat can shed light on which reaches of Red 
Rock Creek are most important regarding the amount of suitable habitat in total as well as the 
amount of suitable habitat per meter of reach. On Red Rock Creek, the reach from Antelope 
Creek to Elk Lake Road contains the highest quantity of habitat with 1.0 suitability. The reaches 
from Huntsman to Corral Creek and Elk Lake Road to Battle Creek also contain much suitable 
habitat. These are the three longest reaches on Red Rock Creek (Appendix II). Additionally, the 
values of total suitable area divided by the total length of sites in each reach show which reaches 
contribute the most suitable habitat per meter. The historical spawning reach from the Corral 
Creek to Antelope Creek confluences (named "Corral Cr to beaver dam backwater" in Appendix 
II) contains only the fourth highest total amount of suitable habitat. However, this reach has 
approximately 1.14 meters of suitable habitat per meter of length—second only to the Antelope 
beaver dam tailwater reach—showing that this historical spawning reach is still valuable to the 
Arctic grayling population. By examining the quantifications for each site and reach, managers 
can prioritize which areas are the most ecologically important and make other cost-benefit or 
"bang-for-your-buck" analyses regarding restoration or connectivity projects. 
 The Potential Production Index (Appendix III), which considers both suitable (1.0) and 
weighted suitability (0.0 - 1.0) spawning habitat, also sheds light on the state of spawning habitat 
in Red Rock Creek. In the Index, the Antelope Creek to Elk Lake Road reach contains, by far, 
the most potentially productive habitat, followed by Huntsman to Corral Creek and Elk Lake 
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Road to Battle Creek. In the Index, the values of total area divided by the total length of sites in 
each reach show that the historical spawning reach from the Corral Creek to Antelope Creek 
confluences (named "Corral Cr to beaver dam backwater") contributes approximately 5.82 
potentially productive habitat per meter of length, more than 2 times the second highest 
contributor. This shows that when weighted suitability scores and potentially productive habitat 
are also considered, the historical spawning reach is far and away the most important reach on 
Red Rock Creek.  
 
Sources of Uncertainty 
When the total of potentially productive habitat, ~ 43,507, is divided by the most recent 
abundance estimate of spawning grayling, 1131, there is approximately 38.5 potentially 
productive spawning habitat available per fish. Seeing as grayling are broadcast spawners and do 
not construct or dig redds (although their eggs do fall into interstitial spaces), this seems to be an 
abundance of spawning habitat and indicates that spawning habitat is not limiting the Arctic 
grayling population. Grayling in the Centennial Valley have been observed spawning in great 
numbers in small stream reaches in the past (see Mogen 1996 for review), and some historical 
accounts indicate that they used to spawn in huge aggregations on top of one another in Elk 
Springs Creek in the early 1900s (Bill West, USFWS, personal communication). However, this 
has not been observed in the more recent past, and questions remain regarding the territoriality of 
spawning fish, and how much spawning habitat each fish requires. Further, it is unknown 
whether most of the suitable habitat is actually utilized each year during spawning. Biologists 
have noted in recent years that certain beaver dam complexes have prevented the upstream 
migration of spawning grayling (Matthew Jaeger, MTFWP, personal communication), especially 
in low-water years. This prevents grayling from accessing suitable habitat upstream. It remains 
unclear whether this results in a complete loss of reproductive effort, or the halted fish spawn in 
the nearest suitable habitat directly downstream. More research is necessary in the coming years 
to elucidate some of these uncertainties and fully address whether suitable spawning habitat is 
limiting the Arctic grayling population in the Red Rock Lakes drainage. 
  
Possible Solutions / Future Work   
 I believe that the problem of mesh collapse could be easily resolved in future experiments 
by permanently attaching it to the inside via glue and/or staples. However, this modification does 
not deal with or solve the problem of high fine sediment transport during high flows. I still 
expect that the slower flow inside the buckets would result in a substantial amount of fine 
sediment settling on the surface of the substrate treatment, leading me to believe that this design 
is not feasible on streams which undergo periods of high flows. A possible solution would be a 
stream-side simulated redd bucket which would function similar to an RSI (Kaeding and Boltz 
2004), but incorporate different proportions of fines and gravel/rubble in each hatching tray. 
While more costly and unnatural, this design would reduce or eliminate fine sediment deposition, 
predation, and fry escapement; allow for the removal of fungus-infected eggs; and provide for 
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more accurate estimates of egg-to-fry survival. The construction of a graph similar to Hubert et 
al.'s (1985) Suitability Index, but unique to the Centennial Valley, would also allow for more 
accurate quantifications of suitable spawning habitat in study streams. 
 Riffle Suitability Scores are now being used along with stream and riffle measurements 
to estimate the total area (meters2) of suitable Arctic grayling spawning habitat in Elk Springs 
and Picnic Creeks, as well as Odell, Long, West, and Middle Creeks in western Centennial 
Valley. Although only Odell Creek has a current, documented, natural grayling population, 
spawning habitat quantifications will help managers determine which of these streams may be 
the best candidates for grayling reintroduction, habitat restoration, or connectivity projects. 
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Appendix I. Table of riffles sampled during substrate surveys, 2014-15. 
 
 
Stream Date Site I.D 
Riffle # (in 
site) 
% Fine 
Sediment 
Raw 
Suitability 
Score 
Adjusted Suit. 
Score 
Red Rock Creek 7/20/2015 1 1 32.00 0.45 0.45 
Red Rock Creek 7/20/2015 1 2 63.00 -0.33 0.00 
Red Rock Creek 7/20/2015 1 3 32.00 0.45 0.45 
Red Rock Creek 7/20/2015 1 4 31.37 0.47 0.47 
Red Rock Creek 7/20/2015 2 1 13.00 0.93 0.93 
Red Rock Creek 7/20/2015 2 2 33.00 0.43 0.43 
Red Rock Creek 7/20/2015 2 3 47.00 0.08 0.08 
Red Rock Creek 7/20/2015 2 4 81.00 -0.78 0.00 
Red Rock Creek 7/20/2015 3 1 20.00 0.75 0.75 
Red Rock Creek 7/20/2015 3 2 15.00 0.88 0.88 
Red Rock Creek 7/20/2015 3 3 28.00 0.55 0.55 
Red Rock Creek 7/20/2015 3 4 22.43 0.69 0.69 
Red Rock Creek 7/21/2015 4 1 19.61 0.76 0.76 
Red Rock Creek 7/21/2015 4 2 7.07 1.07 1.00 
Red Rock Creek 7/21/2015 4 3 33.00 0.43 0.43 
Red Rock Creek 7/21/2015 4 4 26.00 0.60 0.60 
Red Rock Creek 7/21/2015 5 1 6.93 1.08 1.00 
Red Rock Creek 7/21/2015 5 2 12.00 0.95 0.95 
Red Rock Creek 7/21/2015 5 3 6.00 1.10 1.00 
Red Rock Creek 7/21/2015 5 4 24.00 0.65 0.65 
Red Rock Creek 7/21/2015 6 1 100.00 -1.25 0.00 
Red Rock Creek 7/21/2015 6 2 100.00 -1.25 0.00 
Red Rock Creek 7/21/2015 6 3 100.00 -1.25 0.00 
Red Rock Creek 7/21/2015 6 4 100.00 -1.25 0.00 
Red Rock Creek 7/22/2015 8 1 72.00 -0.55 0.00 
Red Rock Creek 7/22/2015 8 2 59.00 -0.23 0.00 
Red Rock Creek 7/22/2015 8 3 75.25 -0.63 0.00 
Red Rock Creek 7/22/2015 8 4 37.62 0.31 0.31 
Red Rock Creek 7/22/2015 25 1 44.00 0.15 0.15 
Red Rock Creek 7/22/2015 25 2 57.00 -0.18 0.00 
Red Rock Creek 7/22/2015 25 3 24.00 0.65 0.65 
Red Rock Creek 7/22/2015 25 4 53.00 -0.08 0.00 
Elk Springs Creek 7/21/2015 11 A (West) 1 7.92 1.05 1.00 
Elk Springs Creek 7/21/2015 11 A (West) 2 16.00 0.85 0.85 
Elk Springs Creek 7/21/2015 11 A (West) 3 11.00 0.98 0.98 
Elk Springs Creek 7/21/2015 11 A (West) 4 16.00 0.85 0.85 
Elk Springs Creek 7/21/2015 11 B (East) 1 1.00 1.23 1.00 
Elk Springs Creek 7/21/2015 11 B (East) 2 6.00 1.10 1.00 
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Elk Springs Creek 7/21/2015 11 B (East) 3 1.00 1.23 1.00 
Elk Springs Creek 7/21/2015 11 B (East) 4 0.00 1.25 1.00 
Elk Springs Creek 7/21/2015 12 1 100.00 -1.25 0.00 
Picnic Creek 7/20/2015 9 1 95.00 -1.13 0.00 
Picnic Creek 7/20/2015 9 2 95.00 -1.13 0.00 
Picnic Creek 7/20/2015 9 3 90.00 -1.00 0.00 
Picnic Creek 7/20/2015 9 4 86.00 -0.90 0.00 
Picnic Creek 7/20/2015 10 1 100.00 -1.25 0.00 
Picnic Creek 7/20/2015 23 1 38.00 0.30 0.30 
Picnic Creek 7/20/2015 23 2 47.00 0.08 0.08 
Picnic Creek 7/20/2015 23 3 53.00 -0.08 0.00 
Picnic Creek 7/20/2015 23 4 27.00 0.58 0.58 
Picnic Creek 7/20/2015 24 1 5.00 1.13 1.00 
Red Rock Creek 7/10/2014 26 1 34.00 0.40 0.40 
Red Rock Creek 7/10/2014 26 2 8.00 1.05 1.00 
Red Rock Creek 7/10/2014 26 3 16.00 0.85 0.85 
Red Rock Creek 7/10/2014 26 4 5.00 1.13 1.00 
Red Rock Creek 7/17/2014 27 1 8.00 1.05 1.00 
Red Rock Creek 7/17/2014 27 2 24.00 0.65 0.65 
Red Rock Creek 7/17/2014 27 3 28.00 0.55 0.55 
Red Rock Creek 7/17/2014 27 4 16.00 0.85 0.85 
Red Rock Creek 7/9/2014 28 1 6.00 1.10 1.00 
Red Rock Creek 7/9/2014 28 2 21.00 0.73 0.73 
Red Rock Creek 7/9/2014 28 3 14.00 0.90 0.90 
Red Rock Creek 7/9/2014 28 4 3.00 1.18 1.00 
Red Rock Creek 7/10/2014 29 1 7.00 1.08 1.00 
Red Rock Creek 7/10/2014 29 2 19.00 0.78 0.78 
Red Rock Creek 7/10/2014 29 3 6.00 1.10 1.00 
Red Rock Creek 7/10/2014 29 4 17.00 0.83 0.83 
Red Rock Creek 7/8/2014 30 1 35.00 0.38 0.38 
Red Rock Creek 7/8/2014 30 2 18.00 0.80 0.80 
Red Rock Creek 7/9/2014 30 3 47.00 0.08 0.08 
Red Rock Creek 7/9/2014 30 4 18.00 0.80 0.80 
Red Rock Creek 7/8/2014 33 1 1.00 1.23 1.00 
Red Rock Creek 7/8/2014 33 2 3.00 1.18 1.00 
Red Rock Creek 7/8/2014 33 3 2.00 1.20 1.00 
Red Rock Creek 7/8/2014 33 4 0.00 1.25 1.00 
Red Rock Creek 7/8/2014 34 1 25.00 0.63 0.63 
Red Rock Creek 7/8/2014 34 2 27.00 0.58 0.58 
Red Rock Creek 7/8/2014 34 3 31.00 0.48 0.48 
Red Rock Creek 7/8/2014 34 4 17.00 0.83 0.83 
Red Rock Creek 7/9/2014 37 1 73.00 -0.58 0.00 
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Red Rock Creek 7/17/2014 37 2 91.00 -1.03 0.00 
Red Rock Creek 7/17/2014 37 3 94.00 -1.10 0.00 
Red Rock Creek 7/17/2014 37 4 95.00 -1.13 0.00 
Red Rock Creek 7/9/2014 38 1 8.00 1.05 1.00 
Red Rock Creek 7/9/2014 38 2 16.00 0.85 0.85 
Red Rock Creek 7/9/2014 38 3 1.00 1.23 1.00 
Red Rock Creek 7/9/2014 38 4 8.00 1.05 1.00 
Red Rock Creek 7/16/2014 39 1 52.00 -0.05 0.00 
Red Rock Creek 7/16/2014 39 2 78.00 -0.70 0.00 
Red Rock Creek 7/16/2014 39 3 76.00 -0.65 0.00 
Red Rock Creek 7/16/2014 39 4 72.00 -0.55 0.00 
Elk Springs Creek 7/8/2014 35 1 66.00 -0.40 0.00 
Elk Springs Creek 7/8/2014 35 2 91.00 -1.03 0.00 
Elk Springs Creek 7/8/2014 35 3 80.00 -0.75 0.00 
Elk Springs Creek 7/8/2014 35 4 99.00 -1.23 0.00 
Elk Springs Creek 7/8/2014 36 1 10.00 1.00 1.00 
Elk Springs Creek 7/8/2014 36 2 27.00 0.58 0.58 
Elk Springs Creek 7/8/2014 36 3 34.00 0.40 0.40 
Elk Springs Creek 7/8/2014 36 4 54.00 -0.10 0.00 
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Appendix II. Suitable (1.0) spawning habitat calculations for Red Rock Creek, Beaverhead County, MT. 
  
Proportion of Reach Site Calculations Reach totals (m²) Total Area (m²) / Ratio (m)* Reach Length (m) =
Reach Reach Length (m) Site I.D. Site length (m) Length (m) Sampled Area (m²): 1.0 Suit. Area: 1.0 Suit. Total Length of Sites (m) Total Area (m²) per reach
Huntsman 2688.80 8 170.65 0.13 0.00 0.00 0.00 0.00
25 165.83 0.00
Huntsman to Corral Creek 9447.59 30 273.07 0.15 0.00 407.35 0.30 2788.94
34 354.20 0.00
6 577.63 0.00
33 175.00 407.35
Corral Cr to beaver dam backwater 1161.65 28 408.01 0.35 463.95 463.95 1.14 1320.92
Antelope beaver dam backwater 270.30 37 170.27 0.63 0.00 0.00 0.00 0.00
Antelope beaver dam tailwater 413.55 38 357.76 0.87 603.46 603.46 1.69 697.57
Antelope Cr to Elk Lake Road 6778.97 26 175.30 0.10 203.20 689.71 1.07 7245.28
3 181.08 0.00
4 161.75 264.46
5 127.19 222.05
Elk Lake Road to Battle Cr 4936.72 1 183.77 0.14 0.00 385.95 0.55 2727.37
2 72.18 0.00
27 246.78 88.35
29 195.87 297.60
Downstream of Battle Cr 3820.96 39 139.92 0.04 0.00 0.00 0.00 0.00
14780.09 m² total 
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Appendix III. Potential Production Index for Habitat with both 1.0 Suitability and Weighted Suitability* in Red Rock Creek, MT. 
*Because these weighted suitability scores are unit-less and multiplied by area measurements ( ∑ 𝑚𝑒𝑡𝑒𝑟𝑠² ∗ 𝑠𝑢𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑠𝑐𝑜𝑟𝑒 ), the Index is 
unit-less. 
Site Calculations Reach totals (m²) Total Area (m²) / Ratio (m)* Reach Length (m) =
Reach Reach Length (m) Sites included in quantificationSit  le gth (m) Area (m²): 1.0 Suit. Area (m²): 1.0-0.0 Suit. Area: 1.0 Suit. Area: 1.0-0.0 Suit. Total Area Total Length of Sites (m) Total Area (m²) per reach
Huntsman 2688.80 8 170.65 0.00 10.83 0 94.94 94.94 0.28 758.64
25 165.83 0.00 84.11
Huntsman to Corral Creek 9447.59 30 273.07 0.00 238.72 407.35 935.25 1342.60 0.97 9192.16
34 354.20 0.00 696.53
6 577.63 0.00 0.00
33 175.00 407.35 0.00
Corral Cr to beaver dam backwater 1161.65 28 408.01 463.95 1908.93 463.95 1908.93 2372.88 5.82 6755.87
Antelope beaver dam backwater 270.30 37 170.27 0.00 0.00 0 0 0 0 0
Antelope beaver dam tailwater 413.55 38 357.76 603.46 112.25 603.46 112.25 715.71 2.00 827.33
Antelope Cr to Elk Lake Road 6778.97 26 175.30 203.20 153.82 689.71 938.96 1628.68 2.52 17108.87
3 181.08 0.00 331.39
4 161.75 264.46 218.91
5 127.19 222.05 234.84
Elk Lake Road to Battle Cr 4936.72 1 183.77 0.00 399.53 385.95 868.53 1254.48 1.80 8864.97
2 72.18 0.00 123.86
27 246.78 88.35 237.33
29 195.87 297.60 107.82
Downstream of Battle Cr 3820.96 39 139.92 0.00 0.00 0 0 0 0 0
2550.42 4858.86 2550.42 4858.86 7409.28 43507.84
